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I. SUMMARY

The overall objective of this study program is to define
the requirements for simulation of the radiant heating attendant
to atmospheric entry by manned spacecraft and assessment of techniques
for achieving this simulation. Phase I of the study was to define
the radiant heating inputs for manned missions. Phase II is an
evaluation of existing radiant heater technology. A principal
application of radiant heaters has been their use as energy sources
for image furnaces. As this application is closely related to the
present problem an attempt has been made to capitalize on the
extensive technology and data available in the image furnace field.
Descriptive information pertaining to several other non-image furnace
sources is also presetned. No attempt has been made here to rate
or select the preferred source from those described. This will be
done during Phase III. Some additional information pertaining to
the radiation heating environment is presented. This section
also describes some problems encountered by researchers in this area
as well as reports a new radiation heating prediction based on
a new tool - a highly calibrated precision continuous arc source.



LIST OF SYMBOLS

The list below defines the principal notations used in the report.

B¢ fotal equilibrium radiation per unit gas volume

£ (Vo) function of flight velocity
Fy shock layer shape correction factor
Fo Zhin film gage geometric view factor

Pl 1nitial pressure driven tube

y vadlative heat transfer rate (energ,y fldx per unit area per unit

'cime).

RN hose radius of hemispherical body
T transmissivity
Vg traveling normal shock velocity

Vi rlight velocity

é shock detachment distance

/§ veference density at STP conditions

Y density (used as representing stagnation density)
Subscripts
g Gage property
D Flight) free-stream conditions

K3 Stagnation point gas property



II. INTRODUCTION

This is the Phase II, Report submitted under contract
NAS 9-3507 and covers the period of 10 November through 30 December
1964.

A. Program Objective

Phase I - Definition of Radiant Heat Inputs for Manned Missions

1. This phase of the program shall include definition and
characterization of the radiant heating environment associated with
manned entry into planetary environments. Consideration shall be
given to re-entry velocities from those characteristic of Apollo
(35,000 to 45,000 ft/sec) to those characteristic of manned planned
pPlanetary missions (50,000 to 70,000 ft/sec and greater).

2. The Contractor shall investigate and report his find-
ings of scaling and other simulation criteria necessary for predicting
material behavior under radiant entry heating conditions. Particular
emphasis shall be placed on investigating the necessary sample model
size of the required spectral distribution of the energy from the
radiant source, and of the necessity for programming the radiant heat
input.

Phase II - Evaluation of Existing Radiant Heater Technology

1. A study shall be carried out on those radiant sources
which might be utilized in entry simulation facilities. The follow-
ing radiation sources shall be evaluated: a) Solid and gas discharge
lamps; b) Electron beam heaters; c¢) Resistance or induction heaters;
d) Solar furnace; e) Direct arc column heating.

2. The evaluation of the performance characteristics of
the sources shall include: a) Maximum radiant flux attainable; b)
Spatial and temporal uniformity of flux at test section; c) Spectral
distribution of the radiant flux; d) Compatibility with convective
heating sources; e) Operational characteristics; and f) Economics.

Phase III - Definition of Future Research and Development Requirements

1. On the basis of existing technology the state of the
art of radiative and combined convective-radiative simulators shall
be established.

2. Comparison shall be made between the state of the art
of radiant heater technology and the future re-entry environment
requirements. On the basis of this comparison specific recommendations
for future development efforts shall be made if the existing technology
is not adedquate.

B. Program Organization

This program originates from the Structures and Mechanics
Division of the NASA Manned Spacecraft Center. Mr. D. H. Greenshields,
Thermo-Structures Branch is the Technical Representative for NASA MSC.
The Project Director at AVCO/RAD is gr, R. R. John. Mr. T. K. Pugmire



is the Project Engineer. Other participants in this phase of the
study are Drs. T. Laszlo and R. Schlier and Messrs. M. Hermann,

R. Liebermann, J. Morris, and F. Viles. R. Liebermann and J. Morris
contributed in the area of environment definition. T. Laszlo provided
data on a variety of radiation sources. R. Schlier, and F. Viles
contributed information on several particular sources.



ITII. SOURCES

The radiation heating source consists primarily of the
radiant energy source and in some instances an optical system
for the concentration, focussing and modulation of the radiant
energy.

l. Certainly the oldest and very likely the most specta-
cular source for radiant energy is the Sun.

Solar radiation is attractive because the source is
freely available and the radiation arrives at the surface of the
Earth with a sufficiently high intensity and in nearly parallel
beams. The intensity of normal incidence solar radiation may be
as high as 1.5 cal/cm2-min at certain suitable sites. It is
imperative to consider the normal incidence and not the total
solar radiation, since only the well collimated fraction of the
solar radiation can be concentrated in solar furnaces. This is
the reason why dry, desert areas with high yearly solar irradiation
values are not necessarily suitable sites for solar £furnaces.

The fine dust particles, which stay in the atmosphere above deserts
for weeks after sand storms, disperse the solar radiation, causing
a drop in the normal incidence value. In regions, where good
ground cover exists, {vegetation during summer, snow during winter)
atmospheric dispersion is small.

The apparert surface temperature of the Sun
(approximately 6000°K) is very difficult to equal with any other
radiation source, as is the approximately blackbody distribution
of solar radiation. A very important feature of solar radiation
is its stability when the sky 1s clear. It has been reported
(reference 1) that on a clear day the intensity of solar radiation
was stable within 5% for six hours. Figure 1 is an actual
recording illustrating the constancy of the concentrated flux, (1).

The size of the image can be increased without
decrease of the maximum flux by increasing the aperture of the
concentrator. This is an expensive method, but image diameters
as large as 5 inches are available in some large sclar furnaces.
With other sources the image cannot be increased beyond the size
of the source without a decrease 1in flux.

The prime disadvantage of solar radiation other than
the limitation on the maximum flux attainable 1s tkat it is not
always available when needed. (This source was used by several
laboratories during the mid 1950°’s as basic re-entry heating

simulators.)
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2. The Carbon Arc: Perhaps the most widely used radiation
source is the carbon arc. The popularity has two reasons. First,
the carbon arc is a familiar convenient laboratory source, ready
for use whenever it is needed. Second, carbon arc sources are
cheaply available from surplus searchlights znd cinema projectors.
In most cases these arcs are used without modifications in others
changes in the mechanism are made to better suit the requirements.
Generally the carbon arc is operated at a current of 150 amperes
using a 16 mm anode. With special arrangements the current can
be much higher, 300 amperes in the blown arc (3} and 3000 amperes
when the entire mechanism is kept at 10 atm. pressure (4).

In one controlled atmosphere carbon arc image furnace both the
source and concentrator mirrors were enclosed in a nine foot
diameter sphere (5). The sphere could be evacuated or pressurized
up to 60 psi. The carbon arc was enclosed in a container which
could be pressurized up to 210 psi. It was expected that with
such a "concentrated" arc source such high flux can be radiated
which at the receiver mirror focus would produce temperatures of
6000° to 10,000°K. No information on achlieving this goal is available.
Some systems operate at 2100 amperes without pressure (5). The
following correlation between the arc current and flux at the
focal area is given (7) for various electrodes 1in Table 1.

A high pressure arc, with tungsten-argon has been used
in a closed system with liquid argon as the atmosphere sources (8).
The arc has been operated up toc a pressure of three atmospheres
absolute, but could go higher. The maximum current for prolonged
lengths of time ({several minutes) was over 3000 amperes with 60
volts across the arc. The numerical value of the flux density at
the second focus is not available, but it was very high.

The convenience of the carbcn arc has to be balanced
against it's two disadvantages. First, the flux stability is
rather poor. The flux at the focal area of a commercial carbon
arc image furnace was measured using a Gardon type radiometer. The
result of this measurement is presented in Figure 2, (l1). Similar
measurements were performed on an improved (9} version of this furnace
and the results are presented in Figure 3. These results show
that there are two major flux instabilities in carbon arc image
furnaces. The high frequency variations are caused by variations
in electrode resistance, changes in electrode tip configuration, and
variations in the solid particle content of the arc gap. The low
frequency variations are caused mainly by changes in the electrode gap,
unavoidable even with automatic feed mechanisms. The time/flux
variations may be tolerated in certaln experiments, when cr.ly the
average flux is significant. 1In other cases, these variations may
introduce very significant errors.

A
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Second the continuous operating time of the carbon arc
is limited by the length of the electrodes. At low current values
one electrode lasts approximately 20 minutes, but at higher values
only 5 minutes. Recently a new carbon arc has become available,
which can operate 24 hours without interruptions (12). The carbons
stored in metal cases are machined at both ends to male-female
tapers respectively. The female tapered end of the new carbon
is driven by a spring laden piston toward the male tapered end of
the burning carbon. The passage of the joint into the arc is
claimed to hardly affect the flux continuity. A second method to
overcome this restriction is the use of two carbon arcs alternately
in order to make extended runs possible. The mechanism for switching
from one source to the other has to operate very fast in order
to avoid a harmful temperature drop of the heated specimen. A third
disadvantage is, that the carbon arc has to be placed at the first
focus of the image. Consequently the two electrodes and the related
equipment intercept a significant portion of the radiation emitted
by the anode. In order to reduce this loss the use of an auxiliary
mirror has been proposed (6). As illustrated ir Figure 4, this
reinforcing mirror replaces that portion of the image furnace
paraboloid which is shaded by the cathode. Although the reinforcing
mirror increases the shadow area, the increase in radiation intensity
level is claimed to more than offset the increase in shading loss.

A different type of carbon arc, called "carbon vapor
lamp" eliminates completely the shadow loss {li). This source uses
three electrodes arranged radially and is supplied with three phase
ac current (Figure 5). The arc operates in vacuum, thus reducing
electrode consumption caused by oxidation. It 1s estimated that
8 inch long electrodes would last 8 hours, a significant value for
continuous operation.

3. Electrical Resistors: A high refractory electrical
resistor of suitable shape and dimensions can serve as a simple,
convenient source. Flux stability 1s usually excellent, continuous
operation for long periods is possible, and flux control is
easily achieved at the source.

For low intensity a resistance heated tungsten filament
projection lamp, G.E. type 2100 T24/8 can be used as a source
of radiation. It is rated at 2100 watts when operated at 60 volts;
under these conditions the life is 50 hours. As the operating
voltage is raised, the expected life of the filament decreases,
reaching 10 hours at about 68 volts. The filament consists of 8
parallel coils arranged in two planes. The filament coil assembly
is nearly square (~~1.2 cm on a sidej. As a result of use, a
dark deposit develops on the irner surface of the glass envelope due
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to evaporation of tungsten from the filament. This deposit may

be removed when necessary by agitating a small quantity of abrasive
powder sealed within the bulb. A 5 kw projection lamp when placed
at the near focus of a 24 inch ellipsoidal mirror delivered at the
far focus approximately 2 cal/cm? sec (12). Because of the large
size of the filament array, the image is quite diffuse and non
symmetrical.

Graphite resistors can be used for obtaining somewhat
higher heat fluxes. These radiators are usually designed and
fabricated by the experimenter to suit special requirements. When
operated under inert gas protection they last long and deliver a
very stable flux. A carbon resistor has been designed in such
fashion that the use of an inert gas does not require a window (13).
Thus no solid material of any kind is interposed between the source
and the optics that may be required. The resistor mounting is
designed so that the face of the resistor disk is the only hot part
of the source that can radiate to the optics; the remainder of the
resistor is totally enclosed by a water-cooled copper jacket. 1In
addition to confining the effective source to a disk, this jacket
makes possible the maintenance of an inert gas atmosphere around all
the hot parts of the resistor by means of a flow of gas through the

jacket. The arrangement is such that the gas enters through an
opening in the mounting board behind the resistor and exits through
a very narrow annular space between the disk and the jacket. The

exit gas flow is at high velocity and is directed in such a manner
that it converges to a point about 1 inch in front of the disk, thereby
forming a protective cone of inert gas. A second gas channel is
built into the jacket and is so designed that another slightly

larger cone of gas is formed surrounding the first. The two directed
gas flows result in a complete gas envelope around the face of the
resistor without any physical confinement of the gas and hence without
any significant absorption losses. At first helium was used for

both the inner and outer cones, but convection currents led to
incomplete cone formation. Since then argon has been used for the
outer cone and helium for the inner cone with entirely satisfactory
results. Apparently the heavier argon tends to contain the helium
and convective disruption of the gas flow 1s prevented. A photograph
of the resistor source with the jacket removed is presented in

Figure 6. (The final vertical cut, which divides the base of the
graphite into two sections, has not been made. Due to the fragility
introduced by this cut, it normally is not made until the source is
to be put into operaticn.) The success of this design may be

judged from the fact that the resistor has been operated continuously
for periods exceeding 4 hours at temperatures above 2,000°C with

no visible signs of oxidation. This resistor can be used to sample
temperatures up to 2,2OOOC,




Another carbon resistor operates in a dry argon
atmosphere at 20 psig (14). The pressure is maintained by the
use of a Pyrex hemisphere, the power leads are water-cooled (Figure 7).
The resistor is operated at a maximum temperature of 2840°K,
resulting in a flux of 15 cal/cmzsec at the image. No provision
is made for the removal of carbon vapor deposit which might be
deposited at the inside wall of the hemisphere.

4. High Pressure Compact Arcs: These sources combine
the brightness of carbon arcs with the maintenance-free and clean
operation of incandescent lamps (15). They consist of a spherical
or ellipsoid shape envelope, usually made of clear fused silica.
Two diametrically opposed cylindrical extensions contain the
metallic support and connecting rods for the two electrodes and the
hermetic seals and carry the outer electrical contacts. The
electrodes are made of solid tungsten and the bulbs are usually
filled with xenon. (Figure 8) In operation the pressure within
the lamp is between 6-30 atmospheres. Due to the high pressure the
arc discharge fills only a small volume directly between the tips
of the electrodes and thus forms a highly concentrated source.
Operation and the performance data of various lamps are summarized
in Table II (15). Lamps opem ted with ac give a more uniform
brightness distribution than dc lamps. The stability of operation
may be affected by the position of the lamp. Xenon dc arcs burn
stable only when the cathode is at the bottom and the anode at
the top. An image furnace using a 10 kw xXenon arc as source has
been completed recently (16). It is expected that the lamp will
radiate approximately 5.5 kw.

5. Plasma Generator: Recently a concentrated effort has
been applied tothe study of the plasma arc heater as a possible
radiant energy source (17-20). The plasma arc heater is able to
maintain an arc discharge with maximum temperature in excess of
20,000°K on a continuous time basis. The continuum radiation from
such an arc column may be a few watts/cm to several tens of
kilowatts/cm depending on the arc current, voltage gradient,
pressure level and type of working fluid. This device has been
utilized to provide a radiant and convective heating source for
material specimens placed in the area vicinity of the arc column,
(18) . This type of source is also being developed for the
single application of a radiating source, (17, 19, 20) 1In the
latter case models are placed in the proximity of the column to be
irradiated directly (Figure 9). Others are being developed with
radiation collecting optics to increase the flux level at the target
or model and to permit greater flexibility of model size, shape
and placement. Such a device 1s shown in Figure 10.

/0
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Based on some experimental results with a plasma
generator, 17, it was found that the radiation emitted by the arc
column increased with increase in arc current (resulting in
higher column temperatures of other factors are kept constant)
and pressure level, but decreased with increase in mass flux rates
mean voltage gradient and external magnetic field. These tests were

-made utilizing an argon arc column of 100-2000 amperes and pressure

levels of 1-10 atmospheres. (Note: Some preliminary results
indicate that in spite of the increase in radiation observed with
higher pressure optimum operation may occur at pressure levels
between 20 and 50 atmospheres.) Spectral distribution of several
plasma generators operating with different working fluids were
presented in the Phase I reports

Of the current plasma generators under development or
currently being utilized as radiant sources the following four
sources are somewhat representative,

a. A radiation source under develcpment combines the
effects of the vortex stabilized arc jet and the high pressure
short arc. (20) A prototype of such a source is illustrated in
figure 11. The arc chamber pressure is 17 atm. and the plasma
temperature is approximately 7000°K. When this source is operated
under properly regulated power and gas flow, it produces a cylindrical
arc plasma with a diameter approximately equal to that of the anode
exhaust aperture. The cool vortex flow continually replaces the
gas surrounding the arc, thus greatly reducing the red and infrared
radiation as compared to other enclosed arcs. Also the vortex
fixes the arc plasma diameter and precisely locates the arc column.
The total radiant output of a 10 mm x 3 mm arc plasma is reportedly
7.68 kw, with an input of 24.8 kw when operated with argon.

b. A somehwat different approach is utilized in the
device shown schematically in Figure 12, (19). 1In this source
the radiating plasma is isolated away from the sustaining portion
of the arc heater (gas. inlets, electrodes, insulators) so that there
is little obstruction to theradiation except on one side. The
reported operating conditions are input power 25 KW (units capable
of operation at power levels up to 50 KW are under development),
0-300 PSIG chamber pressure and a 6 mm diameter luminous sphere with
a radiant efficiency of 35% when operated with argon at 25 KW.

c. A very useful device that has been used as a
combined radiative and convective heating source has been referred
to as a modified tandem Gerdien arc ({18}. 1In this source the test
gas, air or other gases of interest, is heated 1in an arc column
which is partially constricted by vortex flow and by mechanical
orifices, Figure 13 (18). The test model is positioned in the close
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proximity of the arc column which provides the radiant energy.
Radiant energy transfer can be changed by varying the distance
between this model and the column. Previous column temperature
measurements made on an arc of this type indicated peak temperatures
between 16,200-18,000°K (21).

The temperature profile'of the column has not been
reported. - Slightly less than 800 BTU/ft2-sec radiative heat transfer
from air was measured by a radiation cavity gage at a distance of
approximately 1 cm from the column boundary, with an input of
250 KW and one atmosphere chamber pressure. A unit is currently
under development which will allow operation at pressures up to
5 atmospheres and permit location of the model effect on model
performance resulting from the non-uniformity of the source as
most models tested have been char formers which to tend to nulify
such non-uniformities (22). ' '

d. The fourth source of this type that is of interest
is similar to that described in section a (20). The principal differ-
ences are in the operating condition, i.e. higher power levels and
chamber pressures, and in the associated optics. This device,
shown in Figure 10, has produced a radiating efficiency of about
35% when operated at 100 KW, 25 atmospheres and 800 amps. It is
expected that this source will produce a usable directed radiation
beam which has a total efficiency of over 5% with respect to
the total input power. Four of these sources are being installed
in conjunction with a high enthalpy 2% megawatt arc heater for a

combined variable radiative and convective heating facility,
Figure 14.

6. Electron Beam Radiation Sources: Electron beams,
consisting of a directed stream of voltage accelerated electrons
in a vacuum of pressure less than 10-3 or 1074 torr, may be
considered as radiation sources, both directly, as in the case
of the electron microscopy, or indirectly as a well defined heat
source for a primary thermal radiation emitter. All electron
beam equipment has certain common elements, however there is a
great divergence in size, beam resolution, beam control and
power according to the design application. Common functionally
described parts for all systems are:

a. Electron gun which containsan emitter, and some ‘
directive provisions. A negative voltage control grid is used
in precisely regulated equipment.

b. High voltage power supply to accelerate the
electrons.
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c. A target area of conductive material,

d. A sealed chamber with an insulated support
for the gun target accesses, a high capacity vacuum pumping equipment
capable of 10-3 to 10~® torr vacuum, and X-ray shielding (23).

All beam operations are performed at the low pressure,
except some recent in atmosphere welders, which pass the beam through
a series of holes that are pumped to prevent gas from reaching
the gun.

Reliable and precise equipment prices start. at $70,000
and up depending upon refinements in the beam controls and accuracy
of power measurements. The operating characteristics of this
equipment are a capability to focus up to 6 kilowatts into a spot
which is 0.003 inches diameter. At lower power smaller spots
may be obtained. For a lower heat flux, a defocussed spot may
be used at the sacrifice of spatial distribution uniformity,
since the power density is usually described as Guassian through
the spot. A spot diameter is usually defined as the diameter
containing one half the beam power. The voltage is variable up
to 150,000 volts and the amperage up to 40 milliamps in a 6 KW
machine. The focussed beam has a long focal length {(up to
15 inches) and auxiliary deflection circuits and current modulation
circuits can produce uniform power density patterns, similar to a
television screen raster up to 5 inches square. The spatial
uniformity is then dependent upon line overlap and lines per inch.
Complete feedback voltage and current regulation can be provided
which would result in a temporal stable beam. On a sweeped raster,
temporal energy distribution is dependent on the number of lines
and the x-y coordinate sweeping frequencies. Irnstrumentation to
measure beam current and voltage can provide control of power
to better than 1% and modulation can modify power distribution to
compensate for heat loss at edges of thermally conducting targets.

The direct application of electron beams to
simulate infrared, visible, or gamma radiation sources for purposes
of materials testing is not advised. For example a beam accelerated
by 15,000 volts would provide optical pgoperties of resolution
comparable with gamma radiation of 0.1 A, the radiation intensity
would be quite high in comparison with standard optical sources.

Therefore, the application of electron beams to
radiation simulating devices is restricted to the application of
a heat source for a hot body radiator. For relatively small
targets of several square inches, up to 500 BTU/ft2sec could be
applied with well controlled distribution to assure spatial uniformity
of temperature of the primary radiation source. The radiation
from this source would be temporarily stable after initial heating,
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but at least one half of the power would be directed to the

reverse side of the target and lost unless a special collector system
could be used to collect and redirect some of the reverse transferred
energy. The spectral distribution of the electron beam heated
primary emitter is that of a black body at the same temperature as
modified by temperature dependent spectral emittance coefficients

of the target material and any additional windows or optics as may
be required. -

7. Lasers as Radiation Sources: The laser, or
optical maser, provides a coherent light output at power levels
ranging from watts for the recently developed continuous wave gas
lasers to gigawatts for short-pulsed (a few nanoseconds) solid-
state optically pumped ruby lasers. Because the light output
is coherent, it can be focussed to a diameter approximating the
wavelength of light, so that flux levels as high as 10 watts/cm2
are attainable in principle.

Lasers can therefore provide almost any
conceivable radiant flux. Their usefulness as a simulation source,
however, is severely limited by the fact that the total output energy,
and the duration of the output pulse, are both circumscribed. 1In
addition, the light output is monochromatic.

Since other light sources (arc discharges, for
example) can provide radiant fluxes as high as 104 watts/cm2,
there appears to be no purpose in the use of lasers for simulation
purposes at this and lower flux levels. At higher levels, lasers
can serve a useful purpose, but not as a simulation radiation
source. This is because the pulse duration of high energy lasers
is limited, at the present time, to a few milliseconds. For example,
one can obtain, with present ruby laser devices, a total energy
output of over 1000 joules, with a pulse duration of about 2 milli-
seconds. This would provide a radiant flux of lO5 watts/cm2 on
an area of 5 cm2, and, by reducing the area, a flux of 5 x 107
watts/cm? on 1 Sqg. mm.

The short duration of the pulse makes it unusable
for materials testing as there is insufficient time for the material
under investigation to attain quasi-steady-state conditions, except
at very high flux levels.

The one potential use of lasers appears to be
as a means of investigating the basic phenomena that occur at
high radiant flux levels. This is particularly the case at flux
levels that are higher than those presently attainable with flash
tubes.

/6




The laser presents other advantages, for fundamental
investigations, in that its output is monochromatic, the output
energy and flux are readily controlled, and it is a relatively
clean source of radiant energy. Associated electromagnetic noise
can be almost completely eliminated, so that measurement techniques
requiring sensitive electronic detection are feasible.
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IVv. RADIATION HEATING DEFINITION

1. Comparison Studies of Experimental Radiation Data

Comparison studies have been made with radiation data obtained
experimentally from shock heated gas. Graphical representation of
these data are shown in figures /5 through /§ for air as a function
of flight velocity.

Figures /5 through 1§ present shock tube total stagnation-point-
region, equilibrium-radiation data measured by four independent
investigators (Ref.2¥,2%5, 26and 27) who utilized different measure-
ment techniques. For convenience of comparison the stagnation-point-
regions volumetric-radiation was normalized using the relationship
that

F, (j/a°>/7 %) 1)

Where the above equation was suggested by references 27and 24.

Figure 19 is a composite comparison of the edquilibrium data

presented in figures /5 through/4. As will be subsequently pointed

out in the following section, erroneous results were found in the

data of references 25 and 2¢, however, Figures /5 through /¢ present theSe
data in the corrected form. ‘

2. Reduction of Shock Tube Data

In the reduction of shock tube data, heating rates of test surfaces,
due to radiation from shock heated gas,dre distinguished from heating
rates due to convective heat transfer by several means. For example,
when the test probes have large nose radii, the radiative contribution
at the stagnation point region is large enough to become the dominant
mogde of heat transfer and direct measurments of radiation can be made
utilizing thin film resistant thermometers or thick film calorimeter
gages (see reference?2¥). Another method is by means of locating on
the test probe a transparent window through which incident radiant
energy from the shock heated gas cap is transmitted and collected by
a thin film radiative heat transfer gage. This latter technique was
utilized by both references 25 and 26, however, reference 25 used a
hemespherical faced probe while refererce 26 used a blunt faced probe.
Finally as was performed by reference 27, measurements utilizing
photomultiplier tubes may be made of the total radiation from shock
layers of gun-launched models flying in still air or moving upstream
in the test section of a shock tunnel.

Once the above data is obtained, its reduction into terms of total
radiation emitted from the stagnation point region requires further
analy51s The first and probably most important analysis is determin-
ing whether the radiant”&nergy so collected and measured is due
primarily to non-equilibrium conditions, equilibrium conditions, or a
combination of both in the shock heated gas cap. When equilibrium
conditions are known to prevail and direct radiation measurements
can be made, the total equilibrium radiation, E{, at the stagnation
point region,may be calculated from the following semi-¢mperical
edquation.

LE
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B 2 Mo /S (2)

where 7&4g@ja. is the radiative power flux measured at the
stagnation point region of the probe,ghis the shock detachment
distance and Fj is a correction factor taking into account the
shape of the shock front _and thermodynamic variations therein.

It was reported by Nerem2® who in turn referenced Wick?*? that

F; is approximately 0.84 and the ratio /RN is approximately 0.045
for a probe of hemispherical nose radius RN in the flight velocity
range of 20 x 103 to 60 x 103 ft/sec and at simulated altjitudes

of 100x70%f¢ 7o 2#0x/®ft. In addition, It was reported by Page 7 that the
ratio S/RN could also be closely approximated in the above £flight
range by the relationship:

~ 3., 4
%’v =7 7 (3)

For test probes utilizing transparent windows the total equilibrium
radiation, Eg, may be calculated from a semi-@mperical relation
having the form:

Ef =2 Z&Jgage/gﬁé(T)o(g (4)

where 7n43yr is the radiative power flux seen by the collector
gage, F2 being its view factor and g its absorptivity. T is
the transmission coefficient of the transparent window. Fj and
are as discribed above.

a. Reduction of Flagg's Datazy

Flagg's Datazywas obtained in the form of figure<fd, It was
necessary to correct his ratio Zﬁb into total equilibrium radiation,
Et, emitted from the stagnation point region. This was accomplished
utilizing equation (2). The choice of Fj and § values were those
suggested by Wick??, since it was determined that Flagg s data
simulated f%;ght velocities and altitudes were Nerem?2 stated F1 =
0.84 and /Ry = 0.045. Flagg's stagnation density ratios // and
simulated flight velocities were determined using shock tube gas
dynamic charts.3? By use of reference 30 311 flight conditions
for Flagg's data were known. Therefore it was of interest to
compare Wick's?? approximation of tB% ratio S/RN against Page's27
(equation 3). Page's_approximation yields values of S/RN for
Flagg's data from /RNy = 0.0625 to 0.0595 (a discrepancy of
approximately 30%). Hence the shock tube data so plotted in figure
/5 is questionable.

b. Reduction of Nerem's Data25

25
Nerem published all of his data in a tabulated form giving
initial shock tube driven pressures, Pj, shock velocities, Vg,
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simulated flight velocity, V _, , stagnation density ratios, é?,
ect. Thus no reduction of his data was necessary. However, by
examining Nerem's data reduction procedure, it was established

that hglused shock tube gas dynamic charts published by Zimer

(1960) , and since Nerem's tabulated data gave_.adequate parameters,
a comparison was made against the shogk tube gas dynamic charts
published by Laird J. D. and K. Heron3© {1964). Several discrepancies
were found. Differences up to 25% were found in stagnation density
ratios (Nerem's values being high). Nerem's calculated results in-
dicating a constant stagnation density ratio é% for a constant
initial pressure P} was also in disagreement with reference 30, And
it was established that Nerem overestimated his flight velocities,
Voo , by 3%. Although these errors are comparable to shock tube
experimental scatter, the data so presented in figures /5 through

/7 are very sensitive to density and flight velocity, and the magni-
fication of the already present experimental scatter makes direct
comparisons difficult., Nerem's density values were corrected using
reference 30 and this data is shown in figures /6 and /9.

Another distrubing feature, brought out by the above discrepencies
is the shock detachment distances S,Galculated by Nerem in his data
reduction (see equations (3) and (#)). The means used by Nerem to
determine his shock detacument distance, , 1s not known at this
time. However, if it were ds of equation (3) then his detachment
distances are questionable (upward to 25%) also. Therefore, the
reliability of Nerem's data as shown in figure /6 is questionable.**

c. Reduction of Hoshizaki dataZ®
25 2¢
Unlike Nerem, Hoshizaki did not tabulate his results. His data
was presented in his report in the form of figure2/. As seen in
figure 2/ Hoshizaki data was calculated to have a stagnation density
ratio of .193 for an initial pressure P} = 1.16 mm Hg.*

An investigation of Hoshizaki's data was made utilizing the shack
tube gas dynamic charts of reference30., A discrepancy of 25% in
stagnation density ratio was found (Hoshizaki's value being high.)
Hoshizaki did_not reference use of any gas dgnamic charts, however
it was learned that Hoskizaki used Ziemer's3l charts and, after
publication, was aware that Ziemer's charts were outdated. No
further investigation was made into the reduction procedures of
Hoshizaki. As presented in figures/7md/?)his data has been corrected
using reference 30.

*It is of interest to note that Nerem?2° reported this same data
in his report as £/f% = .16 and P; = 1.0 mm Hg-

*¥* Prior to publication of this report a telephone conversation with
R. M Nerem revealed that Nerem25 was aware, after his publication that
Ziemer charts were outdated. However Nerem stated that his shock
detachment distances were obtained experimentaly and were not depen-
dent on the density relation given in equation (3).
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d. Reduction of Pages Data?’

Page W. A, et al27 tabulated his experimental results in a form
where no reduction of his data was necessary. His equilibrium
radiation data is plotted in figures /& and /7.

One disturbing feature of Pages et al Report is that he did
cite Ziemer's gas dynamic charts.** This raises the*question as
to the reliability of his calculated density ratios. As was
noticed in the data of Neren23 and Hoshizak126, Ziemer's charts
tend to over estimate these ratios for a given set of initial
shock tube conditions with the descrepancies being more pronounced
at the higher density values. Therefore. it must be concluded that
Page's data so plotted in figures /& and /7 are also questionable in
excess of their exibited experimental scatter.

3. Conclusions and General Remarks

As pointed out in the preceding sections, published radiation
data obtained via shock heated gas experiments is of question -
greatly influenced by the reliability of gas dymanic charts and
theoretical models used in describing the gas cap. However it
must be argued that the above descy/bed means for obtaining
radiative data are represeatative of each other within approximately
a factor of two (see figure/9).

* It shoulggbe noted here that until recent time gas dynamic charts
by Feldman have been widely used in shock tube work. Feldman's
charts were recently expanded in terms of flight conditions and are

represented by reference 30. It is generally accepted that reference

30 represents the present state of the-art in shock tube gas dynamic
charts.

** Page also cited Feldman gas dynamic charts33, but it is not clear
as to which charts he actually used.
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Figure 20. TFlagg's Data
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Figure 21. Hoshigaki's Data
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